Abstract: Nonlinear frequency conversion in optics can originate the coherent light at the wavelength where it is hard or unlikely to achieve by directly lasing and is a fundamental topic in science and engineering covering both classical and quantum regions. The critical requirement for efficient nonlinear frequency conversion is phase-matching, a momentum conservation relation between the fundamental and harmonic light. It is dreaming of a technique for compensating the phase-mismatching in universal nonlinear materials and wavelength ranges, since the phase-matching was proposed in 1962. Here, an additional periodic phase (APP) concept was proposed for the phase-matching in nonlinear optics and experimentally demonstrated the APP phase-matched second harmonic generation with a conventional crystal quartz at the wavelength deep to vacuum-ultraviolet 177.3 nm. This study may not only develop a universal way to resuscitate the nonlinear optical materials for efficient nonlinear frequency conversion, but also may revolutionize the nonlinear photonics and their further applications.
2
Nonlinear optical process was first discovered in a crystal quartz by the realization of the secondharmonic generation (SHG) in 1961 1 . Not before long, the phase-matching, including quasi-phasematching (a momentum relation between the fundamental and harmonic light), was proposed to provide constructive combing and interference of the microscopic nonlinear sources in the nonlinear medium and address the oscillation of harmonic fields along the propagation direction for achieving the highefficiency frequency conversion 2, 3 . Nowadays, associated with the natural birefringence of the nonlinear crystals at typical wavelength and periodic and/or aperiodic poling of the ferroelectric domains in the certain nonlinear photonic crystals [4] [5] [6] [7] [8] [9] [10] [11] , the coherent light in the wavelength region from the ultraviolet (UV) to terahertz has been developed and the nonlinear frequency conversion process has become a fundamental topic in numerous scientific and engineering applications that cover both classical and quantum regions [12] [13] [14] [15] [16] . However, the birefringence phase-matching and quasi-phase-matching conditions excluded the nonlinear materials that have no suitable birefringence or ferroelectric domains with reversible polarization sensitive to the external field 4, 17 . Therefore, a long-standing goal in nonlinear optics is the discovery of a universal technique for realizing the phase-matching in arbitrary nonlinear media and wavelength ranges, since the phase-matching concept was proposed in 1962 2, 3, 18 . In the coherent light, the DUV is a fundamental source for the modern spectroscopic measurement, photolithographic techniques, material processing, etc.(e.g. to study the surfaces of superconductors and observe the band structure of topological materials [19] [20] [21] [22] ) and the generation of DUV by nonlinear frequency conversion is considered as the Holy Grail in nonlinear crystal optics 19 . Here, we proposed a universal solution for the phase-matching condition beyond those with the natural birefringence of the nonlinear crystals or artificially poling of the ferroelectric domains, and the efficient SHG output in the DUV region was experimentally demonstrated with a conventional crystal quartz.
Take the typical collinear frequency-doubling as an example. The electric field E2ω(z) of SHG light is described as quasi-phase-matching but without the requirement of the reversal domains that only exist in some typical ferroelectric crystals, the proposed APP phase-matching exhibits remarkable advantages in relaxing the phase-matching requirements and using the largest efficient nonlinear coefficient deff.
Given the present condition of DUV coherent light, a crystal quartz was used to form the APP phasematching. The SiO2 crystal has the maximum nonlinear coefficient of d11=0.3 pm/V
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, and its cutoff wavelength edge was measured below 150 nm with a 3 mm-length sample cut along with its Z direction.
A 350 fs pulsed laser at 1040 nm was used for the laser writing, the amorphous SiO2 would be produced in the broken regions 24 with suitable writing energy. An optical parametric oscillator (OPO, Opolette TM HE 355 II) with the 10 ns pulsed laser at 355 nm served as the pump source. The APP quartz and power meter were placed into a chamber full of nitrogen to eliminate the absorption of oxygen. An additional CaF2 prism was added to deflect and separate the fundamental (355 nm) and SHG (177.3 nm) signal (Fig.   2a) . As aforementioned, the optical conversion efficiency strongly depends on the fluctuation of phase difference. Only = = (2 + 1) is demanded to satisfy the phase-matching criteria (Fig.   2b) . With the dispersion of the refractive index of SiO2, the required period length la (and lb) for 5 = = is 0.7 μm. However, this value has been smaller than minimum accuracy of femtosecond laser manufacturing. Therefore, an APP quartz with la=lb=2.1 μm was utilized to generate 177.3 nm SHG laser, corresponding to phase difference = = 3 . Evidently, this conversion efficiency is lower than that case of phase difference of π. In order to prove the above theory, an APP quartz with la=lb=1.4 μm was also utilized, corresponding to phase difference = = 2 . the optical conversion efficiency η of 1.07‰ at the maximum power (Fig. 2d) . The output power and conversion efficiency could be further improved by improving the manufacturing process to facilitate the transmission and achieve the APP quartz with = = . Even, this record efficiency is still seven times higher than that of 386 nm SHG in stressed twin quartz (0.153‰, black point in Fig. 2d ) 25 .
Accordingly, APP method is demonstrated to be a significant route to obtain deep-ultraviolet coherent lasers.
In summary, for the first time, a universal additional periodic phase (APP) for the phase-matching rule in the nonlinear optics was theoretically proposed, beyond the traditional phase-matching with natural birefringence of the crystals and quasi-phase-matching with reversible ferroelectric domains. APP technology is suitable for any acentric crystals (nonpolar, polar and ferroelectric phase) and amongst them, nonpolar nonlinear crystal is the best candidate to demonstrate this theory. In particular, the deepultraviolet 177.3 nm generation was firstly achieved via periodic disordered quartz crystal (nonpolar phase) with a high efficiency of 1.07‰. This APP strategy provides a versatile route for arbitrary nonlinear crystal in broadband wavelength. More importantly, this order/disorder alignment adds to a variable physical parameter into optical system, thus leading to next-generation revolution in nonlinear or linear modulation and classical or quantum photonics.
